The American cranberry (Vaccinium macrocarpon Ait.) contains rich antioxidants and has significant health benefits in fighting a variety of human diseases. In the past ten years, cranberry growers have reported yellow vine syndrome, which is associated with reduced photosynthetic performance, in the cranberry bogs. It has been found that the yellow vine syndrome of cranberry is associated with nutritional imbalance; it might be an issue for cranberry quality and food security as well as the crop production. This review evaluates the present state of knowledge of yellow vine syndrome, together with recent advances that are resulting from an improved mechanistic understanding and a possible solution that will be of considerable value to cranberry growers. This review also includes results from the author's own laboratory. Water stress, nutritional imbalance, and photoinhibition are the likely reasons for producing yellow vine of cranberry. Future endeavors should be placed on the combination of genetic, biochemical, and biophysical techniques at the molecular level and plant physiology at the field and greenhouse level. This may provide specific information in order to understand the molecular details of yellow vine of cranberry as well as a tool for guiding future breeding efforts and management practices.
Introduction
The American cranberry (Vaccinium macrocarpon Ait.) is a long-lived woody evergreen trailing vine and grows in temperate climate zones in United States and Canada. Cranberry is a nutritious food and beverage source. In Massachusetts, cranberry is an important horticultural crop that has been cultivated on approximately 14,000 acres [1] . Cranberry fruit contains abundant antioxidants, such as flavonoid phenolic acids, both in quality and quantity and has noteworthy health benefits in fighting a variety of human diseases including cardiovascular problem and cancer [2] [3] [4] [5] [6] . Cranberry juice has long been consumed for the prevention of urinary tract infections. The in vitro studies using a variety of tumor models showed that polyphenolic extracts from cranberries inhibited the growth and proliferation of breast, colon, prostate, lung, and other tumors.
Environmental stress plays an important role in the growth and production of agricultural crops. Response mechanisms of plants to stress factors have been proposed in the past decade, such as nutritional deficiency [7] [8] [9] , drought stress [10] , heat-induced inactivation [11, 12] , UV and visible effects [13, 14] , tolerance to salinity [15, 16] , water stress [17] [18] [19] , and chilling sensitivity [20] . The production and quality of cranberries may be affected by long-term or short-term environmental stress, such as water, temperature, humidity, nutrient, and light intensity.
Under normal light conditions, cranberry growers observed yellow vine syndrome, which produced yellow coloration along the leaf margins while the area along the vein remained green (Figure 1 ). Each year numerous reports of yellow vine syndrome of cranberry were received from cranberry growers in Massachusetts, USA [21] . Typically the symptoms show up in the old leaves and then move up the stem into the newly developed leaves. The most common season for the symptoms to become severe is around or just after fruit set when demand for resources in the plants is high. However, the molecular mechanism for developing yellow vine syndrome in cranberries has been poorly studied and is largely unknown. Complete understanding of the mechanisms of yellow vine syndrome development in cranberry plants may offer an opportunity to minimize its effect. In this review, the recent advances in probing the mechanism for the formation of yellow vine syndrome, possible solutions and future efforts have been summarized and discussed. 
Photosynthesis
Photosynthesis, which harvests, transfers, converts and stores the solar energy in the form of chemical bonding energy and supports all life on earth, is one of the most important chemical reactions in science. In the photosynthetic process, the most amazing chemistry is embodied in the water splitting reaction, which occurs in the photosystem II (PS II) protein complex embedded in the thylakoid membranes of higher plants, green algae, and cyanobacteria [22] [23] [24] . However the molecular basis of photosynthetic water oxidation has remained one of the major mysteries in bioenergetics research.
Light is the energy source for photosynthesis; however, too much of it may cause damage to plants and algae by producing highly reactive intermediates such as P 680 + and toxic reactive oxygen species such as singlet oxygen [25] . In particular, environmental stress may enhance the extent of photoinhibition [26] . To comply with a rapidly fluctuating light environment, the light harvesting system in plants and algae uses non-photochemical quenching (NPQ) to dissipate the excess light energy into harmless heat radiation to protect the photosynthetic apparatus from photodamage [27] . The reversible phosphorylation of thylakoid proteins modulates the membrane dynamics and affinity in response to high light stress [28] . Photosynthesis serves as the principal method of energy storage in cranberry plants and affects cranberry yield. The effect of radiation on net photosynthetic rate was examined to develop a model for understanding the impact of radiation on photosynthesis of the cranberry plant [29] . Saturating light level for both cranberry cultivars was in the range of 600 to 800 μmol m 2 s −1 , depending on temperature. In the field, the predicted values from the nonrectangular hyperbola model fitted only the early morning data. By midday, the observed net photosynthetic rate was consistently lower than the predicted values, but rose again by late afternoon to levels closer to the predicted data. The data indicated that cranberry leaves experience midday depression [29] . Light may affect carbon production in cranberries. There are several indications that cranberry vines are constantly under carbohydrate stress, such as low fruit set which ranges from 30% to 40%, biennial bearing of uprights (vertical, fruit-bearing stems), and competition between developing fruits for resources. Cranberry stores little carbohydrate in below-ground tissue and has no major permanent wood for the storage of carbohydrates. The effect of light on carbon production and partitioning in cranberry showed that the light compensation point differed between upright and runner tissue. The light compensation point for runners was much higher than those for fruiting uprights and vegetative uprights [30] . However, use of greenhouse vines simplified the relationships between multiple sinks that were present in the field and further experiments in cranberry bog may improve our understanding of the effects.
The effect of light treatment on the post-harvest ripening of late-harvested cranberries resulted in 28% more phenolics and 24% higher antioxidant capacity [31] . The concentration of glucose, the predominant sugar, was not significantly affected by light. However, light increased fructose and sucrose concentration by 202% and 167%, respectively. Similarly, light increased the concentration of quinic, malic, and shikimic acids by 62%, 100%, and 140%, respectively. In addition, antioxidant content was dependant on the use of light wavelength, suggesting the expressions of enzymes that catalyze anthocyanin biosynthesis are regulated by different environments [32] .
Yellow Vine Syndrome of Cranberry

Effect of Shade Treatment
Yellow vine syndrome on cranberry leaves appears as yellowing along leaf margins. The chlorophyll content is expected to be lower than in normal cranberry leaves. The shading of the yellow vine plants seems to passively affect chlorophyll concentrations and may not have any effect on nutrient concentrations [33] . The chlorophyll content of the yellow vine samples in the absence and presence of shade was determined by spectrometric analysis (Table 1) . Shading increased Chl a and Chl b content by 11.1% and 13.9%, respectively [34] . HPLC analysis of shaded and unshaded yellow vine leaves using a C18 column with a photodiode array detector, following published procedures, was conducted and confirmed the spectrometric data. Table 1 . Analytical results of Chl a, Chl b, and the Chl a/Chl b ratio in the methanol extracts of yellow vine samples in the absence and presence of shade [34] . The above observation can be explained by the increase in the rate of chlorophyll biosynthesis in yellow vine cranberry leaves. For example, shading activates the photoreceptor and turns on the genes involved in the chlorophyll biosynthetic pathway [35] [36] [37] . Alternatively, the partial recovery of chlorophyll could be due to slow photodegradation and photodamage of chlorophylls although this would be expected to be more extensive under bright light. It has been demonstrated that chlorophyll is photosensitive to damage from excess light and degrades rapidly [38] [39] [40] [41] [42] . The photodamage and photodegradation of chlorophyll is associated with the highly active singlet oxygen species formed by triplet chlorophylls [39, 43, 44] .
As shown in Table 1 , the Chl a/Chl b ratio in the unshaded yellow vine samples was 1.36, while the Chl a/Chl b ratio was 1.34 in the shaded leaves. The photosynthetic reaction centers of PS I and PS II in higher plants contained the Chl a without Chl b [22] . In contrast, the light harvesting system contained both Chl a and Chl b. The comparable Chl a/Chl b ratio in both samples suggested that the organization of photosynthetic centers in cranberry leaves was unchanged. It suggests that the organization of photosynthetic machinery in yellow vine cranberry plants might not be affected by shading. An increase in Chl a content would imply an increase in the number of reaction centers in both photosystem II and light-harvesting complex.
Fluorescence by chlorophyll is very sensitive to each step of the PS II electron transfer reactions in vivo. Therefore chlorophyll fluorescence has been proven to be an informative tool and reveals information on plant performance and responses via non-invasive measurements, especially addressing the effects of plant leaves under environmental stress conditions [45] [46] [47] [48] [49] . Chlorophyll fluorescence analysis provides the structural and functional parameters quantifying PS II behavior, including initial fluorescence (F o ), variable fluorescence (F v ), maximum fluorescence (F m ), lifetime of maximum fluorescence (T fm ), numbers of reaction centers per absorption cross section (RC/ABS), and PS II maximum quantum yield (F v /F m ) [47] . The size of the PS II quinone pool is expressed as "Area," which is the measurement of fluorescence area above the transient [47] . The photosynthesis performance index, PI, is defined as a driving force of the primary photosynthetic reaction [50] . The spider plots of chlorophyll fluorescence data provide an overall picture of photosynthetic efficiency in plants in vivo [47] . A spider plot of chlorophyll fluorescence for cranberry samples revealed that five of the six parameters of shaded yellow vine leaves were increased dramatically over those of unshaded samples (Figure 2 ). This observation agreed with the notion that PS II organization was unaffected by the shade. The F v /F m ratio was increased by about ~20%. The rise in F v /F m indicated the enhancement of PS II electron transfer activity, which supports the hypothesis that the number of PS II was increased based on chlorophyll analysis. Similar behavior was observed in Camellia leaves with development of an energy pipeline model of the photosynthetic apparatus [51, 52] . In addition, the "Area" above the fluorescence transient for the shaded sample was also increased drastically, indicating the presence of a larger quinone pool [34, 53] . To clarify the discrepancy between the chlorophyll fluorescence assay and chlorophyll determination by the spectrometric and HPLC method, a three-week chlorophyll fluorescence experiment was conducted. The three chlorophyll fluorescence parameters including F v /F m , "Area", and photosynthesis index factor were averaged over the three weeks and listed in Table 2 . The data showed; (1) the chlorophyll fluorescence parameters of unshaded yellow vine samples varied appreciably with the time (see the measured error in Table 2 ). Yellow vine leaves might be more sensitive to environmental stress. This could be due to the variation of several factors, such as temperature, weather, water, and use of herbicides in the bogs over the three weeks. The other possible reason could be variation due to sampling; (2) shaded yellow vine samples showed a relatively steady and constant value over time. The standard deviations of shaded yellow vine syndrome leaves were decreased by a factor of 2~10 (Table 2 ). This indicated the partial recovery of yellow vine syndrome under shade and enhancement of the capability to respond to the stress. As the PS II is the main target of photoinhibition, the decrease in PS II activity suggested a possible role of photoinhibition associated with the yellow vine syndrome in cranberry plants [34] . However, the data cannot rule out the involvement of other outcomes of shading. Table 2 . Photosynthetic parameters of the shaded and unshaded cranberry leaves determined by chlorophyll fluorescence kinetics [34] . 
Photosynthetic Activity
Chlorophyll content in the plant was easily determined by extraction using organic solvents followed by spectrometric and HPLC methods [54] [55] [56] [57] . The relatively lower chlorophyll content in these leaves compared to the normal healthy counterpart would be anticipated, which was supported by the spectrometric analytical data of chlorophyll analysis in the extracts of leaves by methanol and acetone shown in Table 3 . The contents of both chlorophyll a and chlorophyll b were decreased from that of the normal leaves by approximately 22~24%. The low content of chlorophyll a and chlorophyll b was confirmed by HPLC analysis (data not shown). The Chl a/Chl b ratios in both yellow vine syndrome and normal leaf samples were almost identical. Chlorophyll a is primarily in the reaction centers, and chlorophyll b is predominantly found in light harvesting complexes in photosynthetic membrane proteins. Therefore, the low content of chlorophyll in yellow vine syndrome leaves was due to the smaller number of photosynthetic reaction centers associated with their intact light harvesting systems. The PSII maximum quantum yield (Fv/Fm), the size of quinone pool (AREA), the numbers of reaction center per absorption cross section (RC/ABS), and the photosynthesis performance index (PI) were determined by chlorophyll fluorescence transient analysis. As shown in Table 4 , the PS II maximum quantum yield was decreased by 28%, which is similar to the level of chlorophyll a and chlorophyll b (~25%). It suggested that the number of PS II in yellow vine leaves was lower than that of normal leaves by 25~30%. The size of the quinone pool and the number of reaction centers per chlorophyll in yellow vine samples were decreased by 57~60%. The discrepancy between these numbers and F v /F m might occur because the distribution of PS II in yellow vine leaves was not optimized. In particular, the much smaller size of the quinone pool would imply the vulnerability and sensitivity of yellow vine leaves to other environmental stress factors. This was supported by the observation that water stress significantly worsen the symptom in cranberry bogs [21, 58] . The PI value of yellow vine leaves was almost completely diminished with a loss of ~90%. This suggested that the impairment and destruction of the photosynthetic apparatus in yellow vine syndrome of cranberry leaves is multi-targeted and complex, in which PS II is only one of the important factors. Table 4 . Photosynthetic parameters of yellow vine syndrome and normal cranberry leaves; PSII maximum quantum yield (Fv/Fm), the size of quinone pool (Area), the numbers of reaction center per absorption cross section (RC/ABS), and the photosynthesis performance index (PI). Using chlorophyll fluorescence analysis, the photosynthetic activity of yellow vine syndrome leaves was examined over a period of three weeks or of one day. As shown in Figure 3 , the PS II maximum quantum yield of yellow vine samples was consistently smaller than in the normal leaves. The result was in line with the data of yellow vine leaves, which was 26~28% less in chlorophyll than the normal leaves revealed by spectrometric and HPLC analysis. The results indicated that yellow vine syndrome was associated with poor photosynthetic activity and was a threat for the long-term growth and crop production of cranberries. 
Working Model and Hypothesis
Previous nutritional analysis showed that nutritional imbalance might be associated with yellow vine development in cranberry [60] . However fertilizer management was not the cause of the problem. It was possible that nutrient imbalance was secondary to root problems. Additionally, yellow vine syndrome often worsens in bogs with drainage problems, indicating that water stress is another factor in the formation of yellow vine in cranberries [60] . Water stress conditions might lead to poor root development.
The experiment of shade treatment revealed that the shading of cranberry plants appeared to reduce the syndrome by improving the photosynthetic activity and increasing the chlorophyll content [34] . The yellow vine leaves were associated with 11 ± 5% and 14 ± 5% increase in Chl a/Chl b ratio after shading, respectively. The electron transport efficiency in PSII and the size of the quinone pool were increased. In addition, the overall photosynthesis performance index was drastically improved by shading. These results suggested that the shade effect increases the numbers of PS II in the cells of yellow vine cranberry leaves. As PS II was involved directly in photoinhibition, a possible role of photoinhibition might be associated with the yellow vine syndrome in cranberry plants.
Yellow vine formation might be due to multiple factors. As environmental stress enhances the photoinhibitory effect on photosynthetic machineries [26] , the combination of photoinhibition, water stress, and nutritional imbalance appears to cause yellow vine syndrome of cranberries. A possible model has been proposed to explain yellow vine syndrome of cranberry. When normal healthy cranberry plants encountered issues of nutritional imbalance, water stress, and photodamage, they developed yellow vine syndrome by forming less PS II complexes. Chlorophyll biosynthesis might be inhibited and negatively regulated. Alternatively, degradation of chlorophyll might be activated and positively regulated. This is likely to be associated with D1 protein turnover and the dissembling of PS II complexes.
Therefore, the performance of yellow vine and normal cranberry leaves by chlorophyll fluorescence analysis over periods of one day and of three weeks indicated that the photosynthetic parameters of the yellow vine samples were substantially lower than those of the normal cranberry leaves. Spectrometric and HPLC analyses revealed that yellow vine leaves contained 26~28% less chlorophyll than the normal cranberry leaves. These data sets demonstrate that yellow vine syndrome is associated with a poor photosynthetic activity and is problematic for the long-term growth and crop production of cranberries.
Conclusions
As the yellow vine syndrome of cranberry is associated with nutritional imbalance, it could be a concern for cranberry quality and food security. The yellow vine syndrome is most likely multifaceted (1) nutritional imbalance; (2) fertilizer management; (3) water stress; (4) herbicide usage; (5) light inhibition. Spectrometric, HPLC, and chlorophyll fluorescence assays confirmed the loss of chlorophyll content and photosynthetic activity in cranberry leaves exhibiting yellow vine syndrome [59] . Recent HPLC analysis revealed a link between the yellow vine and xanthophyll cycle. In addition, chlorophyll fluorescence data on the effect of diverse environmental factors such as pH and nutrition ions on yellow vine syndrome showed that the yellow vine syndrome of cranberry is associated with poor performance to stress factors. Further study using a variety of fertilizers available on the market and herbicides with various chemical structures on yellow vine syndrome would be particularly worthwhile, in order to provide chemical understanding of yellow vine formation.
Although great progress in plant stress physiology had been made, the understanding of mechanisms and relationships between cranberry plants and stress factors is relatively limited and poorly understood. We do not have a solution to solve the problem yet, and the current recommendation to treat yellow vine of cranberry is simply water and nutrition management. Recently recovery of photoinhibited plant leaves has been examined, and PS II mobility in thylakoid membranes may play a key role [61] . The recovery experiments might provide further insights into the mechanisms of yellow vine syndrome development in cranberry bogs and offer an opportunity to solve the problem. It would be interesting to conduct experiments on recovery from the syndrome under optimized experimental conditions. As documented in the review, the effects of yellow vine syndrome in terms of changes in photosynthetic activities is rather thorough; However, a complete understanding of its etiology is needed, which may lead to a solution of this important problem. It is worth noting that bacteria or viruses might be a factor in the development of yellow vine syndrome. The appearance and pattern of yellow vine syndrome in cranberry bogs implies that the involvement of bacteria or viruses is less likely. Since the causes remain rather mysterious, the detection and identification of bacteria or viruses in yellow vine of cranberry are of interest and remain to be investigated.
Most experiments and measurements were based on observations in the fields and greenhouses. The biochemical, molecular genetics, and state-of-the art spectroscopic techniques have been rarely utilized in the research of cranberry plant physiology. It is here proposed that the combination of genetic, biochemical, and biophysical techniques at the molecular level and plant physiology at the field and greenhouse level will provide insight to understand the molecular details in cranberry stress physiology. For example, the 454-cDNA sequencing of cranberry cDNA samples under stress conditions may be used to identify the possible yellow vine genes of cranberry. Similarly, the use of LC/MS and MS/MS (including MALDI) to analyze the organic solvent extracts or purified protein fractions of cranberry leaves under stress conditions will enable the key small molecules and peptides or proteins associated with stress factors, respectively, to be identified. By determining the underlying genetic and physiological factors associated with stress factors, these research activities have potential to provide models and to elucidate the molecular mechanisms in cranberry stress physiology as well as being a tool for guiding future breeding efforts and management practices.
